Abstract. Analytic expressions for the bidirectional reflectance functions are formulated and fit to the Earth Radiation Budget Experiment (ERBE) operational models, which were developed using Nimbus 7 ERB data. The analytic bidirectional reflectance distribution functions (BRDFs) are based on theoretical considerations and are functions of viewing geometry and scene type. The models consist of a Rayleigh scattering term and a term for scattering due to clouds and surface. The darkness of the ocean permits the empirical determination of the Rayleigh component of scattering from the atmosphere. The models have the advantage that they are smooth in terms of view and solar zenith angles and relative solar azimuth angle and satisfy reciprocity. Results are presented for the ERBE scene types. The analytic functions closely model the reflectances in the forward scatter direction, but in the backscatter direction, the analytic models are slightly more limb brightened than the ERBE operational models. The model was also fit to the Dlhopolsky/Cess BRDF for clear ocean, which provides a finer angular resolution than the ERBE BRDFs. The results of this study provide a set of BRDFs for ERBE scene types in terms of a set of simple equations and few coefficients for each scene type. These
and the Geostationary Operational Environmental Satellite (GOES) data sets by Suttles eta/. [ 1988]. Dlhopolsky and Cess
[1993] utilized ERBE shortwave radiance measurements to generate an improved set of angular directional models with increased angular resolution for clear sky over ocean surface.
The present ERBE operational models are tabulated into ranges of angular coordinates called "bins." Because each bin value is a sample mean, the ERBE models have scatter in each angle bin. There are a large number of angular bins and a limited amount of data on which to base the models, so some angular bins have a small number of measurements. In some angular bins, this scatter results in marked discontinuities from one bin to another. In studies of retrieved flux errors due to scene identification errors, this random scatter dominates the results [Manalo and Smith, 1991 ] . Also, the models do not satisfy the reciprocity principle (i.e., interchanging the incident and reflected directions must yield the same flux contribution). Moreover, there is about a 10% growth in retrieved albedo as the view zenith angle increases from nadir to limb [Smith et Energy System (CERES) mission [Barkstrom, 1990] .
The physical problem, including theoretical formulation, is presented in section 2. The analytic forms of the BRDF are developed in section 3. Section 4 covers results and discussion. Finally, conclusions drawn from this study are presented in section 5.
Physical Problem and Theoretical

Formulation
When solar radiation impinges on the Earth-atmosphere system, it is reflected in various directions. The reflected shortwave radiances are dependent upon the direction from which a surface is being viewed as well as on the surface angular reflectance characteristics. A specular surface, such as a calm ocean surface, behaves much like a mirror and its reflectance is highly directional, while a diffuse surface will reflect uniformly in all directions. In addition to their dependence on the underlying surface, the BRDFs are also influenced by the amount of cloud cover and the state of the intervening atmosphere, for example, amount of aerosols and water vapor. 
Values of BRDF equal to unity imply that the assumption of isotropy with a radiance measurement will provide the correct radiant flux.
The normalization condition for R is derived by substituting The reflected radiation adheres to the principle of reciprocity [Chandrasekhar, 1960] 
BRDFs From Nimbus 7 ERB
The Nimbus 7 ERB broadband scanning radiometer was designed to scan biaxially to gather radiance measurements in all directions for the development of a comprehensive set of BRDFs. However, orbit and scanning constraints inhibited complete angular coverage. The albedo can be computed from equation (6) The last term, which is due to the specular reflection from the ocean surface, is an approximation to the integral, and is independent of C 5 . This is because although the radiance is dispersed around the forward scatter peak by an amount depending on C 5 , the total contribution to the reflected flux is the same. The computation of D is discussed in the Appendix. The model coefficients for these scene types are listed in Table   3 . 
Another factor that induces changes in the BRDF
In fitting the analytic model to the ERBE model data tabulated For scenes with cloud cover, Rayleigh scattering is reduced due to the decreased amount of atmosphere above the reflecting surface. For a scene considered overcast (i.e. cloud amount > 95%), the mean cloud tops are asstuned to be at 680 mbar, thus two thirds of the Rayleigh model, as determined over the ocean, is used. As the cloud amount decreases, the amount of Rayleigh scattering increases. The weighting factor ta describes the reduction in Rayleigh-scattering effects due to increased cloudiness.
The azimuthal mean reflectance W can be expressed in terms of the viewing zenith and azimuth angles by [Staylor, 1985] The BRDF is then computed by dividing the bidirectional reflectance by the albedo.
Results and Discussion
The BRDFs for the clear and partly cloudy over ocean cases are described by equation (6) and are discussed first. The dark ocean permits a good determination of the Rayleigh-scattering term, which is then used for the other seven models. Next, the remaining cases, which are described by equation (10), are discussed.
The ERBE models are determined by averaging data over a grid cell. Because it is nonlinear, the average value of the analytic model is not the value at the center. In order to compare the analytic models to the ERBE models, the average value was computed using 200 realizations which were uniformly distributed over solar zenith, viewing zenith, and relative azimuth. Instrument noise of the order of 1-2 W m -2 sr a was included in the radiance calculations. Similarly, the ERBE models that are plotted correspond to the bin mean values determined by trilinearly interpolating over the given illumination and viewing angles as is done by the ERBE data processing system.
The patrems of bidirectional reflectance functions are presented on polar contour diagrams. The radial coordinate corre- Table 3 
D!hopolsky/Cess Clear Ocean Model
The analytic model coefficients were also fit to the Dlhopolsky/Cess BRDF data set and are listed in Table 3 Table 3 . Plate 4 compares the analytical and ERBE BRDFs. The peak of specular reflection is evident and shifts toward the horizon as the solar zenith angle increases. Limb bdghtening in the forward scatter direction is very prominent and broad. The BRDF variation for • = 90' is more isotropic.
Models for Other Scenes
For the remaining seven models, including mostly cloudy over ocean, the specular peak does not appear, and equation (10) fits the data better than equation (6). For each cloud/surface condition, the weighting factor r0 for the Rayleigh reflectance term is specified on the basis of mean height of the radiating surface. The coefficients A and B are computed using equation (13) Table 5 for the eight scene types. For clear land, Figure 3a shows the fit of equation (13) 
